ABSTRACT Large conductance calcium-activated K+ (Kca) channels are rapidly activated by niflumic acid dosedependently and reversibly. External niflumic acid was about 5 times more potent than internal niflumic acid, and its action was characterized by an increase in the channel affinity for [Ca2l], a parallel left shift of the voltage-activation curve, and a decrease of the channel long-closed states. Niflumic acid applied from the external side did not interfere with channel block by charybdotoxin, suggesting that its site of action is not at or near the charybdotoxin receptor. Accordingly, partial tetraethylammonium blockade did not interfere with channel activation by niflumic acid. Flufenamic acid and mefenamic acid also stimulated KCa channel activity and, as niflumic acid, they were more potent from the external than from the internal side. Fenamates applied from the external side displayed the following potency sequence: flufenamic acid niflumic acid >> mefenamic acid. These results indicate that KCa channels possess at least one fenamatereceptor whose occupancy leads to channel opening.
INTRODUCTION
Large conductance calcium-activated K channels are present in a variety of cell types (Latorre et al., 1989; McManus, 1991) . In neurons they may regulate cell firing (Gola and Crest, 1993) , and in smooth muscle they seem to play an important role in maintaining visceral and vascular tone (Brayden and Nelson, 1992; Suarez-Kurtz et al., 1991; Anwer et al., 1993; Khan et al., 1993) . Thus, drugs that activate this type of channels from the external side or internal side (McManus et al., 1993) should be valuable pharmacological tools to modify cellular excitability, as well as to unveil mechanisms of Kca channel function.
Niflumic and flufenamic acids are nonsteroidal antiinflammatory aromatic compounds (Hoffmann and Faure, 1966 ; Kohler et al., 1992) known to inhibit Cl-conductances (White and Aylwin, 1990; Korn et al., 1991; McCarty et al., 1993) and nonselective cationic channels (Gogelein et al., 1990) . Recently, a calcium-independent K current from jejunum smooth muscle and corneal epithelium has been shown to be increased by fenamates (Rae and Farrugia, 1992; Farrugia et al., 1993a, b) . We now demonstrate that flufenamic niflumic>> mefenamic acids can activate large conductance K,> channels from the external side in a rapid and reversible manner. Part of this work has been presented in abstract form (Foro et al., 1993) .
MATERIALS AND METHODS
Coronary smooth muscle membrane vesicles were obtained as described in Toro et al. (1991) . Briefly, plasma membrane vesicles from pig coronary smooth muscle were prepared from 20 or 30 arteries. Microsomes were obtained in the presence of proteases inhibitors and were subsequently purified in a sucrose gradient. Membranes obtained from the 20%:25% and 25%:30% (w/w) sucrose interface were used. Lipid bilayers were cast from a phospholipid solution in n-decane containing a 5:2:3 mixture of phosphatidylethanolamine/phosphatidylserine/phosphatidylcholine (25 mg/ml). The voltage control side was the cis chamber, and the trans chamber was referred to ground. Membrane vesicles were applied on top of the preformed bilayer from the cis side. The laterality of channel incorporation was determined by the voltage dependence of channel gating.
The effect of niflumic acid was tested on reconstituted KCa channels from coronary smooth muscle with low open probability ('0.25 (Hille, 1993) . A similar change in local potential can be achieved by a specific binding of niflumic acid to its receptor increasing the local negative charge density near the channel voltage sensor, causing a shift in its voltage dependence. A comparable mechanism has been proposed for phosphorylation of a delayed rectifier K+ channel (Perozo and Bezanilla, 1990 To from 26 ± 5 to 57 ± 2 ms, whereas Tc was dramatically reduced from 289 ± 68 ms to 14 ± 1 ms (n = 4). Fig. 3 (Toro et al., 1991) (Fig. 4 A, middle panel) , and not to a TEA competition with or destabilization of niflumic acid binding to its receptor. Accordingly, Fig. 4 A illustrates that the blockade of a Kca channel by externally applied TEA (160 ,M) did not prevent its potentiation by niflumic acid (10 ,uM). Similar results were obtained in another four experiments using 150-200 ,M TEA and stimulating channel activity with 25 to 100 ,uM niflumic acid. These results strongly suggest that TEA and niflumic acid do not interact with the same site.
Consistent with the above conclusion, CTX, which is known to compete with TEA (Miller, 1988) , did not compete with niflumic acid. If niflumic acid were to compete with CTX for the same site the kol of CTX should decrease in the presence of niflumic acid. The experiment in Fig. 4 tograms of an experiment where TEA blockade was followed by niflumic acid-induced potentiation of channel activity. Insets are examples of channel records under each experimental condition. Mean P. values were: control, 0.14; after 160 ,uM external TEA, 0.05, and after 10 ,AM external niflumic acid, 0.43. Note that external TEA reduced channel amplitude by about half its initial value as expected for a fast blockade. Channel amplitude remained the same after niflumic acid activation, as shown in the total point histograms. Histograms were fitted to a double Gaussian function. Fitted channel amplitude values were: Control 6.5 ± 0.12 pA, after TEA 3.1 ± 1.6 pA, and after niflumic acid 3 ± 0.12 pA. VH = 0 mV. (n = 3).
Taken together, these results strongly suggest that the receptor for niflumic acid is not located at or near the pore of the maxi Kc channel and that niflumic acid association to its receptor does not alter the functional properties of TEA and CITX receptors located in the external vestibule of the channel pore.
Analogs of niflumic acid also stimulate Kc, channel activity from the external side Similarly to niflumic acid, the stimulatory action of these analogs was reversible. Fig. 5 B are examples of different channels activated by 100 ,uM of each of the three analogs. As quantified in Fig. 5 B, flufenamic and niflumic acids had similar potencies, whereas mefenamic acid was the less effective activator of maxi Kc. channels. Mean values for the normalized fraction of increase were: for mefenamic acid, 0.09 ± 0.02, n = 12; for niflumic acid, 0.28 ± 0.05, n = 12, and for flufenamic acid, 0.37 ± 0.08, n = 6. Consistent with this affinity sequence (flufenamic ac. niflumic ac. >> mefenamic ac.), large concentrations of mefenamic acid (1 mM, n = 3) had to be used to obtain a similar activation as the one observed with 100 ,uM niflumic acid. Furthermore, when all three compounds were tested on the same channel, similar results were obtained (n = 2).
It is interesting to note that niflumic and flufenamic acids, effective Kc. channel activators, have in common a -CF3
group that is absent in mefenamic acid, a drug with limited stimulatory properties (Fig. 5 A) . This polar group may be an important structural factor in the action of these N-arylated derivatives leading to an increase in channel activity. In addition, the fact that mefenamic acid a compound with higher hydrophobicity (Dhanaraj and Vijayan, 1988) (two methyl groups instead of a polar -CF3, see Fig. 5 (n = 6) within the time-resolution of our perfusion system (15-30 s). As quantified in Fig. 6 B, 100 ,uM niflumic acid was much more effective when applied from the external side of the channel than from the internal side. Normalized fraction of increase was 0.06 ± 0.01 (n = 14) vs. 0.28 ± 0.05 (n = 12) with internal and external niflumic acid, respectively. This differential action was further established when we tested niflumic acid from both sides in the same channel. In two successful experiments, external perfusion of the drug was followed by washout and recovery, before addition of internal niflumic acid or vice versa. The normalized fraction of increase by 100 ,uM niflumic acid was 0.08 ± 0.04 (internal) and 0.36 ± 0.15 (extemal). The differential action of niflumic acid from the external versus the internal side was also observed when flufenamic and mefenamic acids were tested. The potency of 100 ,uM of these derivatives from the internal side were for flufenamic 0.11 ± 0.04 (normalized fraction of increase, n = 5) and for mefenamic acids 0.03 ± 0.008 (n = 8) vs. 0.37 ± 0.08 and 0.09 ± 0.02 for external flufenamic and mefenamic acids, respectively (see Fig. 5 for comparison) . In a small population of channels (3 out of 23), internal application of fenamates produced a larger degree of activation. The normalized fraction of increase was 0.45 ± 0.04 for niflumic acid, 0.44 ± 0.07 for flufenamic acid, and 0.11 ± 0.02 for mefenamic acid. This higher sensitivity of the internal side could be explained by the presence of a relatively small population of another Kca channel isoform with an increased affinity for internal and external niflumic acid in our preparation, or else caused by a modification of the channel properties during isolation.
We have shown that niflumic acid applied from the internal side of Kca channels was less potent than when applied from the external side. In both cases, their stimulatory action was dose-dependent, rapid, and reversible. At least two explanations are possible: 1) that internal niflumic acid rapidly diffuses through the membrane and that its stimulatory effect from the internal side is caused by the occupancy of an external receptor, and 2) that Kc, channels possess both external and internal receptors with different affinities for niflumic acid. Because niflumic acid is an amphipathic molecule (Dhanaraj and Vijayan, 1988) , it is possible that its receptor is conformed by an hydrophobic "pocket" facing the aqueous phase. Structure-function experiments should answer these questions. 
